Abstract: Four different local reinforcement schemes used in composite bolted joints were studied. In numerical study, a set of 3-D failure criteria was used and the progressive failure analysis was implemented via userdefined subroutine vectorized user-material (VUMAT), which was programmed by the commercial finite element (FE) software ABAQUS. In the experiment, test specimens were manufactured with different local reinforcement schemes, and the mechanical performances of these specimens were tested under tensile loads. Failure modes of these specimens were observed and mechanical performances of test specimens with local reinforcement were studied. It was found that the numerical results agreed well with the experiment. It was also found that local reinforcement schemes influenced the mechanical performances of bolted joints obviously and that the tensile strength of composite bolted joints could be improved significantly by burying laminate slices.
Introduction
Modern aircraft structures require extensive use of advanced fiber-reinforced polymer matrix composites in order to reduce the weight and to improve aircraft performances. Joint technology is very important in composite structure design. Among a large number of joint methods existing in composite structure design, the bolted joint is a very common method for assembling composite primary components. Efficient bolted joint designs can minimize the weight of composite structures. Poorly designed joints could thus detract significantly from the weight advantage of composites over metals. A lot of studies on bolted joints focused on discovering the failure mode and the effect of various bolted parameters on joint strength [1] [2] [3] [4] . Research methods include experiment and simulation. In recent years, researchers have developed various joint schemes to improve mechanical performances of bolted joints. Ucsnik et al. [5] welded small spikes onto metal surfaces to improve the joint performance between steel and carbon fiber-reinforced polymer laminates. McCarthy et al. [6] proposed a joint scheme for the multi-bolt joint of carbon-epoxy aircraft fuselages. However, bolted joints have disadvantages compared to adhesive joints, as bolt holes cause fiber discontinuousness and stress concentration, which reduce the total efficiency of joint constructions. Furthermore, machining bolt hole usually induces defects into composite structures [7] . Researchers have taken many methods to solve the problem. Kolesnikov et al. [8] embedded thin titanium layers into composite laminates, which resulted in a considerable improvement in the structural efficiency of bolted joints. Li et al. [9] investigated the effect of z-pins on the bearing property and damage tolerance of composite bolted joints. Bouchard et al. [10] proposed a novel insert scheme that can improve the performance of thick-lap bolted composite joints.
In the paper, we studied four different local reinforcement schemes used in composite laminates bolted joints. These local reinforcement schemes include outer patches with composite laminate slices, buried rigid foam slices, buried aluminum alloy slices and buried patches with composite slices. In the experiment, these test specimens with different local reinforcement schemes were manufactured and their tensile performances were tested. In the numerical study, we programmed the subroutine VUMAT by ABAQUS (Dassault Systemes, Paris, France) and simulated the 3-D progressive failure process of test specimens.
Specimen fabrication and test
Five groups of test specimens were manufactured, as shown in Figure 1 , and there were three specimens per group. Among them, Group A was made of glass fiberreinforced plastic (GFRP) without local reinforcement, in order to compare with other groups. The other four groups were manufactured with different local reinforcement schemes. All these test specimens were manufactured by the vacuum-assisted resin injection (VARI) process. Serial numbers of these groups are shown in Table 1 . These GFRP composite laminates were made from unidirectional glass fabric (Weihai Guangwei Composites Co., Ltd, Weihai, Shandong Province, China) having a weight of 200 g/m 2 and vinyl ester resin (Shanghai Shangde Co., Ltd, Shanghai, China). The stacking sequence of these laminates was [0/45/-45/90/0] s . Each ply thickness for these laminates was nominally 0.22 mm yielding a nominal laminate thickness of 2.2 mm. Groups B and E were reinforced by outer and buried GFRP laminate slices, respectively (described in Figure 2) , and Groups C and D were reinforced by PVC rigid foam slices (Zhejiang Wang Yang Polymer Materials Co., Ltd, Wenzhou, Zhejiang Province, China) and aluminum alloy slices (Southwest Aluminum Corporation Co., Ltd, Chongqing, China), respectively. The geometrical details of local reinforcement are described in Figure 2 . The properties of orthotropic lamina are listed in Table 2 . In the table, the subscript "1" indicates the direction along fibers, whereas the subscript "2" indicates the direction normal to fibers. X T and X C are defined as the tensile strength and compression strength along fibers, respectively, as well Y T and Y C are defined as the tensile strength and compression strength normal to fibers, respectively. The properties of PVC foam are specified by tensile elastic modulus E T = 0.3 GPa, compression elastic modulus E C = 0.6 GPa, the tensile strength X T = 8.0 MPa, compression strength X C = 6.0 MPa and Poisson's ratio v = 0.33. Properties of aluminum alloy slices buried in group D are as follows: elastic modulus E = 53.8 GPa, Poisson's ratio v = 0.33, yield strength σ = 390 MPa and the break elongation δ = 21%. In the manufacture process of these specimens with buried reinforcement, the reinforcement slices were buried between the fifth and sixth plies of laminates. Buried aluminum alloy slices in group D were pre-treated by phosphoric acid anodizing in order to improve the glue performance between aluminum alloy slices and GFRP laminates. The method of phosphoric acid anodizing referred to the People's Republic of China Aviation Industry standard HB/Z197-91. The fiber orientations were measured from the loading direction. The fabrication and machining process of these test specimens and the procedure for determining these material properties were explained in [11, 12] . Based on these studies, two geometrical parameters, distance E from the free edge of specimen to the diameter D of bolt hole ratio (E/D) and the width W of the specimen to the diameter D of bolt holes ratios (W/D), were assigned a value of 4 in order to avoid low strength failure modes, such as shear out and cleavage failure modes.
The uniaxial tensile test was performed on Zwick/Roell servo-mechanical testing machine (Zwick/Roell Group, Worms, Germany) with the maximal 20 kN force. In order to avoid the tensile eccentric effect, an L-type test clamp was designed. The experiment setup and the L-type clamp are shown in Figure 3 . Based on previous research results [11, 12] , the bolt torque was assigned to 4 N.m. The load was applied on the end of the specimen with a constant speed of 2.0 mm per minute until test specimens collapsed. So the traction process was considered as a quasi-static problem in the following numerical study. The bolt and the L-type clamp were made of high-strength steel, with a yield strength of 900 MPa. The bolt and the L-type clamp did not have plastic deform action in the tensile process.
3 Numerical study
Failure criteria
Most accurate and general models to predict the failure process and ultimate strength of composite structures are based on the implementation of constitutive models developed in the context of continuum damage mechanics in finite element (FE) models. The development of a reliable FE model to predict the failure of bolted composite joints requires the implementation of reliable failure criteria. Hashin's criteria have widely been used to predict bearing failure in double-lap and single-lap bolted joints. Hühne et al. [13] have proved the influence of out-of-plane stresses on the bearing strength of bolted joints, and however Hashin's criteria could not be used to analyze non-linear shear stress-strain relationship. Olmedo and Santiuste [14] developed a set of failure criteria to predict the bearing strength of bolted composite joints, which consider both out-of-plane stresses and non-linear shear stress-strain relationship, listed in Table 3 . Zhou et al. [15, 16] also proposed a non-linear stress-strain relationship in the context of continuum damage modeling. In the work, the Olmedo failure criteria were used.
Numerical model
As these specimens were symmetrical along the X-Z plane, we focused our interest in a half-part. The 1/2 numerical model was developed to describe the whole joint specimen. The model included laminates, bolts and washers. Contacts were assigned between these parts. The FE model was meshed and local parts were refined, as shown in Figure 4 . The properties of orthotropic lamina and other materials have been described in the Section 2.
In order to simulate the delamination between laminates and reinforcement slices, cohesive elements of Stiffness degradation according to Table 3 Calculate new stiffness matrix and stress between the laminates and the bolt washer. The friction coefficient was specified as 0.114 [14] . Forces along the normal plane were applied on the bolt to simulate the type COH3D8 were employed, which had eight nodes and four integration points. A bilinear cohesive law was used, which had two parameters, the cohesive strength (T m , T s ) and the energy release G IC . It is difficult to test these parameters of the interface between laminates and reinforcement slices directly, because they vary gradiently. However, we could obtain engineering parameters (or equivalent parameters) according to experimental results. The method was adapted from [11, 14] and these engineering parameters were proposed as follows: 
Boundary conditions and simulation procedure
According to experiments, clamp boundary conditions were applied on one end of the model, and displacements were applied on the other end. As the bolt torque had contact problems, a friction surface was assigned pre-tension condition. The ABAQUS software could adjust the length of the pre-tension section and achieved a prescribed amount of pre-tension. The relation between the torque and the normal force is described as follows:
where τ is the applied torque, d is the bolt diameter, k is the torque coefficient specified as 0.2 [17] and D is the washer diameter. Then, the bolt force F bolt is given as: does not have the function. So we used a normal displacement to simulate the bolt force. In the process, an initial displacement W 0 was applied and was conducted to contact pressure P 0 . Then, we assumed the displacement W to be proportional to the contact pressure P and deduced W = W 0 × P/P 0 . This process includes two steps: In the first step the displacement W along the z-axis was applied on the bolt nut and the end displacement of specimen was fixed. In the second step, the displacement along the z-axis remained constant and the displacement W along the x-axis was applied to free the constraint of specimen end. In order to avoid the loading step being too fast and affecting the solving convergence, we adopted "Smooth" function in ABAQUS/Explicit. The loading step was 0.001 s and the loading curve is shown in Figure 5 .
During the process of the tensile test, the displacement was applied with a constant speed of 2 mm/min; hence, this process could be treated as a quasi-static problem. A progressive failure model was also developed by ABAQUS/ Explicit. In the process, user subroutine VUMAT was used to simulate the mechanical constitutive behavior of test specimens, as shown in Figure 6 . When the analysis started, the stress was calculated from preset displacement and its increase. Then, the stress was called into subroutine to evaluate the Olmedo failure criteria. Once the failure criteria were satisfied, the state variables were updated and material stiffness was reduced according to Table 4 [14] . Damage stiffness matrix would be re-calculated and new element stress would be calculated by new stiffness matrix. When material properties degraded at a point, the load was re-distributed to other points, which would then fail themselves. It was therefore necessary to iterate at the same load level, when material properties changed to determine if other material points undergo failure.
Results and discussion
The tensile performance of Group A-E specimens was tested, and the load-displacement curves are shown in Figure 7 . From the figure, it was found that the local reinforcement improved the tensile performance of these specimens obviously, except Group C reinforced by rigid foam slices. The curve of Group D was smoother than the other groups, and we supposed that it was buried aluminum alloy slices that increased the joint elasto-plasticity. The curve of Group B fluctuated obviously and there existed a sharp "drop" in the curve. After the "drop" point in the curve, the specimen still had a certain amount of bearing capacity for a little while, which was supposed being carried by the GFRP laminates, and then the specimen failed. We supposed that the "drop" was from the detachment of outer composite patches as the tensile load increased. Furthermore, the elongation of Group C and Group E was larger than the other groups obviously. To study the phenomenon and referring to [15, 16] , the stiffness spectrum of Group C and Group E was drawn as shown in Figures 8 and 9 . From the figure, it was found that the elongation of Group E increased by about 100% (by a value of 2 mm) compared with Group A without reinforcement. It is an odd phenomenon that GFRP reinforcement slices are also brittle materials and could not increase the plastic behavior of these specimens; moreover, we did not find the phenomenon in simulation, either. We supposed that the phenomenon should be attributed to the sliding of bolts, for that there were twice obvious "drop"s in the stiffness spectrum of Group E before it dropped to zero, and the ultimate load of other groups was smaller than that of Group A and not enough to move the bolt and washer. In Figure 9 , it was also found that the elongation of Group C increased by about 100%. The phenomenon could be attributed to the large deformation of foam and fibers. In the tensile process, the inserted foam slice would be compressed largely, which has a low elastic modulus. Then, curving fibers around the inserted foam would be straightened. This process would surely increase the elongation of test specimen.
Load-displacement curves of simulation and experimental results are shown in Figure 10 . From the figure, it could be found that the simulation results agreed well with the experimental results. From the figure, we also could find that the main macroscopical failure modes were bearing failure mode and delamination between reinforced slices and GFRP laminates. Group B and Group D were mixture failure modes of bearing failure and delamination, and the other groups were bearing failure. In the simulation, the interface between GFRP laminates and reinforced slices was simulated with cohesive elements, and obvious delaminations between reinforced slices and GFRP laminates were observed in Groups B and D, as shown in Figure 11 . These results agreed well with the experimental results. Another macroscopical failure mode was bearing failure, which could be caused by many microscopic failure modes, e.g. fiber compression failure, matrix compression, etc. The simulation with the Olmedo criteria could predict these microscopic failure modes. These modes included: fiber tension failure, fiber compression failure, matrix tension failure, matrix compression failure, tensile-delamination failure, compressive-delamination failure and fiber-matrix shear failure. These modes simulated with the Olmedo criteria are shown in Figure 12 . These microscopic failure modes would cause macroscopical bearing failure, which was in accordance with results observed macroscopically in the experiment.
The ultimate loads of these five group specimens acquired from experiment and simulation are shown in Table 5 . From the table, it was found that the ultimate load of simulation agreed well with the experimental results and the max relative error was 4.81%, which was lower than 5%. Besides, we could also find that the local reinforcement increased the ultimate load of the joints obviously, except for the Group C reinforced by foam slices only with a 7.73% increase. The ultimate load of Group E reinforced by GFRP laminate slices increased about twice compared to Group A without local reinforcement. The ultimate load of Group B and Group D increased about 43.9% and 76.3%, respectively. In this paper, four different local reinforcement schemes used in composite laminates bolted joints were studied numerically and experimentally. From the results, we concluded that: 1. Local reinforcement improved the tensile performance of these specimens obviously, except Group C reinforced by rigid foam slices. Reinforcement with buried aluminum alloy slices could improve not only the strength but also the elasto-plasticity behavior of the joint. The joint specimens reinforced by buried GFRP plies have the highest tensile strength, which increased twice as much as that of test specimens without reinforcement. 2. In the numerical study, the bolted joint traction was assumed as a quasi-static question, and a progressive failure model was developed to analyze the problem. The interface delamination between laminate and reinforcement slice was simulated with cohesive elements, which was in accordance with experimental observation. The ultimate load predicated by simulation agreed well with the experimental result, and relative error was lower than 5%. This conclusion illustrated the above numerical methods' availability. 
